The asymmetrical cell division of Saccharomyces cerevisiae has been extensively investigated by time-lapse cinephotomicrography experiments and by bud scar analysis (6, 13, 18, 19, 20, 29, 30) . The results of these experiments may be interpreted by assuming that cells need to attain a critical size to initiate the cycle, a regulatory step that requires the execution of the CDC28 event and commits the cell to DNA replication and cell division (12, 18, 24, 29) . Such a critical cell size model implies defined relationships between growth metabolismmore specifically, protein accumulation (23)-and the nuclear division cycle (1, 3) .
These relations may be more carefully evaluated by using the recently developed flow microfluorometry technique, which allows the experimental determination of the frequency functions of DNA, protein, and RNA contents of individual cells on significant samples (10W to 106 cells) of microbial populations (4, 11) . In fact, these functions are determined by the law of growth of the individual cells, the structure of the population, and the variability of the momentary size distribution (33) . It has been found that cell sizes at a given age (for instance, at budding or at division) are distributed around a mean value according to a function (the momentary size distribution) that can be well represented by a Gaussian function with a coefficient of variation (CV) generally in the range of 20% (15, 32) . Computer programs that take into account the experimental variability may thus make it possible to extract the law of growth of the single cell or the structure of the population from the experimental frequency functions in a statistically significant manner.
Relevant information on cell cycle dynamics may thus be obtained on sizable samples of unperturbed populations in balanced exponential growth in shaken liquid cultures, thereby overcoming the uncertainties given by the analysis of the synchronized populations (21, 22) and by the investigation of a small number of cells growing in an unusual environment, as in the time-lapse cinematography experiments.
MATERIALS AND METHODS
The haploid strain S288c (MATa SUC2 mal gal2 CUP)) of S. cerevisiae, kindly provided by Dr. S. Sora (Istituto di Genetica, Universita di Milano), was used throughout this study. Cells were grown in two types of basal medium: the first (YEP) contained (per liter of medium) 10 g of yeast extract, 20 g of Bacto-Peptone, and 20 g of carbon source (YEP-gluconate medium was buffered to pH 5.8 with orthophosphoric acid), and the second type (YNB) contained (per liter of medium) 6 .7 g of yeast nitrogen base (Difco) without amino acids and 40 g of the carbon source. When glutamine (500 mg/liter) was used as the sole nitrogen source, Difco YNB without amino acids and ammoni-um sulfate was used. Flasks (750 ml) containing 200 ml of medium were inoculated with fresh yeast cells and incubated in a Dubnoff water bath with shaking at 30°C. Growth was monitored as the increase in cell number, and the rate constant of exponential growth, a (min-') = ln2/T, where T is the duplication time of the culture, was determined by linear regression on a semilogarithmic plot.
Determination of cel number and cel volume distributions. The number of cells present in small samples of cell culture diluted with Isoton (Coulter Electronics, Harpenden, United Kingdom) and mildly sonicated was determined by the use of a Coulter model ZBI Counter with a 100-gxm orifice tube. Mean cell volume (V) was estimated from the cell volume distributions obtained with a Coulter Channalyzer C-1000 by use of the equation
where ni is the number of cells contained in the c; channel (0 < i < 100) and F is a calibration factor. The equipment was calibrated by the use of 8.9-pLm-diameter latex spheres (Coulter Electronics).
Determination of the percentage of budded and of binucleate cels. The percentage of total budded cells was determined by direct microscopic counting on at least 400 cells that had been fixed in 10%o Formalin and mildly sonicated. After staining with 0.2% Calcofluor (a gift from E. Cabib, National Institutes of Health, Bethesda, Md.), at least 1,000 cells were scored under a Leitz Dialux Fluorescence microscope at x 1,000 and assigned to one of the following classes: (i) unbudded daughters; (ii) budded daughters; (iii) unbudded parents; (iv) budded parents. The percentage of binucleated G1* cells, with two nuclei with presynthetic DNA content (cells between mitosis and cell division), was determined after at least 20 min of staining with 1 ,ug of 4',6'-diamino-2-phenylindole * 2HCl (DAPI) per ml in phosphate-buffered saline (PBS). At least 400 cells were scored for each determination under a Leitz Dialux fluorescence microscope at x 1,000.
Deternination of the duration of cell cycle phases, budded period, and parent and daughter generation times. The formulas used to calculate TB, the length of the budded period, which is of appreciable constant duration in both parent and daughter cells (18, 19) (23) . After at least 20 min of staining in ice, cells were directly examined, and total fluorescence intensity was measured as described above on at least 105 cells. By this procedure, fluorescence is collected by a light detector which transmits an electric pulse whose height is proportional to the fluorescence intensity; under our staining conditions it is also proportional to the protein or DNA content per cell. Each pulse is stored in a multichannel analyzer. In this way, the frequency distribution functions of protein and of DNA content are obtained at the end of the run.
Protein and DNA distribution analysis. Protein distribution was analyzed by a computer program developed in our laboratory. First, from the age density function of the population and from the assumptions made on the behavior of the threshold required for budding at the different genealogical ages, the ideal protein density function (i.e., the frequency of cells in a population with a given protein content), which is stable in balanced exponential growth, was calculated as described in the appendix. Then, given the ideal protein density function, the program took into account variability in size for cells at 
Pm = Pp ea(Tp-TG1*) (11) Pp, the average protein content of a parent cell at the beginning of a cycle, was calculated as in reference 30: P =(Tp -TD + TD eTP) (12) where P is the mean protein content per cell.
RESULTS
Parameters of the nuclear division cycle. DNA distributions were obtained for S. cerevisiae populations in balanced exponential growth on different carbon and nitrogen sources in batch cultures at 30°C. The Fried algorithm (10) was used for the deconvolution of the DNA distributions, and the average duration of various cell phases was calculated as indicated above.
The length of the S phase remained constant (approximately 15 min) for duplication times up to 110 min, then it slowly increased as the doubling time of the culture increased ( Table 1) . The duration of the G2+M phase steadily increased with increasing duplication time. Interestingly, at all growth rates, the budded period was shorter by 5 to 10 min than the sum of S + G2 + M +G1* (To) phases. This finding indicates that the initiation of DNA replication occurs only a few minutes before the detection of the emergence of the bud. This is not always the case; in a different yeast strain (A364a) in exponential growth or under unbalanced conditions of growth, the two events (budding and onset of DNA replication) are less closely associated; therefore, caution should be taken in using bud emergence as a morphological marker of the entrance into the S phase (23). TSj  TG2+Ma  TG1b   T1a  TBc   75  15  35  12  63  58  101  16  54  20  90  84  104  16  47  17  80  80  107  15  58  17  90  85  122  25  59  22  107  98  139  22  69  29  120  113  185  25  9  31  152  139  314  53  74  55 183 170 a Cell cycle phases were calculated by using equations S to 9 in the text. Percentages of cells ifi S phase and G2 + M + G1* were determined by deconvolution (10) As duplication time increased, mean cell volume (determined with a Coulter Counter Channelyzer) and average protein content (determined with the standard microbiuret method) decreased in a similar manner (Fig. 1A) . Two apparent exceptions were seen in cells growing in YEP-gluconate (T = 185) and YNB-ethanol (T = 314), in which mean protein content and volume, respectively, were abnormally high. The increase in volume in cells growing on ethanol could be due to increased vacuolation, a response often seen in yeast cells in suboptimal growth conditions. Progression of the nuclear division cycle appears to depend on the reaching of a critical protein level (Ps) for the onset of DNA replication and on the reaching of a critical protein level for the onset of mitosis (Pm,Pm>Ps) and the elapse of a timer (the minimal G2 phase) for nuclear division (1, 3) . The determination of the duration of the nuclear phases allows the calculation of Ps and Pm from the average protein content (1, 18) . It has been found that the protein level at the initiation of DNA replication is growth modulated, i.e., it is higher at faster growth rates, as reported by other investigators for volume at bud emergence (16, 18, 30) . Also, protein content at mitosis (Pm) depends on the growth rate, but the ratio between the two thresholds remains markedly constant at all growth rates (Fig. 1B and C (16, 19) . Computergenerated histograms fit-with fairly good accuracy-protein distributions in balanced exponential growth (Fig. 2) of balanced exponential growth, i.e., a growth condition in which "the ages of randomly picked cells are independently distributed according to the stable age distribution of the population" (14) . Since the cell age is not easily measured, other cell parameters must be considered. The classical requirement of an exponential increase in cell number is not in itself enough for one to assume that this condition of growth has been established. In fact, S. cerevisiae cells grown on YNB with glutamine as a nitrogen source showed an exponential increase in cell number (Fig. 3a) and a constant fraction of unbudded cells, Fu (Fig. 3b, lane 1) . Nevertheless, the increase with time in the fraction of Gl cells, FG1, as judged by the Fried analysis of the DNA histograms ( Fig.  3b and 4b, lane 2) , and the failure of our computer program to fit protein distributions (Fig. 4a) , indicate that the population is not in balanced exponential growth.
Thus, protein and DNA distributions strictly related to cell age should be regarded as better indicators of the age structure of yeast cell populations than should cell number or bud emergence.
Structure of the population. Since, as shown above, the protein level at bud emergence ap- pears to increase at each new generation, the cell division cycle of S. cerevisiae may be represented as shown in Fig. 5 (Table 3) .
DISCUSSION
The integration of the well-known bud scar analysis with the mathematical analysis of the DNA and protein distributions, obtained by flow microfluorometry, is the element of novelty of this paper. It allows a deeper understanding of the relations between growth metabolism and the nuclear division cycle in budding yeasts. Flow cytometric techniques are a powerful tool for cell cycle analysis: in fact, small differences in the kinetics of growth of individual cells and slight variations in the structure of the population are easily detected, in a statistically significant manner, by flow microfluorometry in unperturbed populations in balanced exponential growth. Size density functions introduce a process of amplification for the detection of differences in the kinetics of single cell growth: in fact, small differences between linear and exponential growth kinetics over a cell cycle result in a much more pronounced difference between the respective size density functions (33) . The analysis of protein distributions of exponentially growing cells may thus be more informative in the assessment of cell growth kinetics than the direct observation of single cells or of perturbed "synchronous" cultures (16, 21, 22 a Values of parent and daughter frequency and average cycle times were computed by using experimental a and TB and values of Q = 0.2 for all duplication times tested, except for T = 122, for which we used Q = 0.15 and a = 0.5, which gave the best fit to protein distributions. Tpl TP2 TP3 TP4 TD1 TD2 TD3 TD4 FP1 FP2 FP3 Fp4 FDI FD2 FD3 FD4   75 58 77 66 62 60 95 75 not enable one to discriminate between two different age structures, i.e., that derived from the Hartwell and Unger model and that derived from our model, which implies a much larger heterogeneity in both parent and daughter cell populations (Tables 2 and 3 ). Since the size distribution derived from the classical unequal division model fails to fit protein distributions, because the theoretical distribution is not dispersed enough (2), the increase in volume at budding for genealogically older cells (16) appears to be accompanied by an increase in protein content.
The cell division cycle in budding yeast cells appears, therefore, to take place as shown in Fig. 5 and 6 . This mnechanism of cell division generates a large variability in populations of S. cerevisiae cells in balanced exponential growth, which then become composed of subpopulations of parents and daughters that have progressively shorter cycle times and that are less frequent at increasing genealogical age (Table 3) . This structure of the population accounts for several observations made in budding yeast cell populations that do not find a completely satisfactory interpretation in the classical unequal division model, which yields only two subpopulations, parents and daughters (13, 20) , which are briefly described here.
Steady states of growth are generated in which the parent cell contributes the mass accumulated during the budded period to its daughter at division and, in the meantime, parent cells increase in size in successive generations, as previously observed (13) .
Parent cells grow before the next bud initiation at all growth rates. Parents are predicted to spend a longer time as unbudded at slow growth rates than at fast growth rates (Table 3) , although in a less marked way than daughters, as observed previously (18, 29) .
In our experiments, the budded period considerably expanded at longer duplication times, as reported by other authors for cells whose growth rate was changed by limiting nutrient concentration in a chemostat (29) . This behavior has been tentatively ascribed to catabolite derepression, although there is no biochemical indication of how a change in metabolism may affect cell cycle progression. However, it could be more satisfactorily interpreted in the frame of the cell size model developed in our laboratory: it holds that cell cycle progression requires the attainment of two threshold protein levels, one controlling the entrance in the S phase and the other controlling mitosis. In fact, in all growth conditions, the protein level at the beginning of mitosis is increased by the same percentage as that of the protein level at the onset of DNA replication, which suggests that both thresholds are nutritionally modulated, but in such a way that their ratio remains constant at all growth rates. The larger part of the budded period increase is observed in the post-replicative phase, although at longer duplication times, the S phase also expands. A more dramatic increase in the S phase has been reported by other authors using a different strain (A364a) and an autoradiographic technique (26) , whereas a study using flow microfluorometry to investigate the yeast cell cycle found that the S phase duration remains con- stant at all but the lowest growth rates (17, 28) . In fact, such differences could be due to the different methods used to analyze DNA histograms, which, especially with large CVs (about 10%), may yield different results, and to the different strain and temperature used.
The budded period is found to be shorter by 5 to 10 min than Ty, i.e., DNA replication initiates when cells are still unbudded, or at least appear as unbudded under a light or fluorescence microscope. Such a difference could depend on the different sensitivities of the methods of detection, but it also depends on strain, temperature, and methods employed to alter the growth rate. By the use of low doses of cycloheximide on strain A364a at 24°C, much more pronounced differences have been measured (23) .
The percentage offirst-generation parents predicted by our model is very close, or even identical, to the sum of subsequent-generation parents (Table 3) ; therefore, this finding cannot be taken as an indication that the generation time of parents is independent of genealogical age, as previously proposed (5) . A trend for larger parent cells to produce larger daughter cells has been observed (13) , and it is explained by our model. Table 3 ).
The model discussed in this paper holds that there is a cell size control on'budding: it has often been suggested that a cell may do so by monitoring a specific protein whose synthesis is correlated with overall growth and that triggers cell cycle progression when it reaches a critical level (9) . The assumption that such an activator protein first titrates an inhibitor, whose presence is suggested by several experimental findings (25, 31) , and then activates the cell cycle progression, has been developed in a model (L. Alberghina 
APPENDIX
The model for unequally dividing yeast cell populations used in this paper differs from that originally proposed by Hartwell and Unger (13) in that it makes the further assumption that protein level at bud emergence increases at each new generation, as suggested by the observed increase in cell volume at the onset of budding (16) . Basic assumptions and relations may be summarized as follows.
(i) Protein growth dynamics are described by exponential functions (8, 27 (iii) At any given growth rate, the budded period (TB) is appreciably constant for both mother and daughter cells.
(iv) At division, the protein synthesized during the budded phase is given to the bud.
With these assumptions, the normalized protein 
